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Abstract 



Wc reconsider basic, in the sense of minimal field content, Pati-Salam x SU(3) family 

models which make use of the Type I see-saw mechanism to reproduce the observed 
ly-s ■ mixing and mass spectrum in the neutrino sector. The goal of this is to achieve the 

I • I observed baryon asymmetry through the thermal decay of the lightest right-handed 

r-^ ■ neutrino and at the same time to be consistent with the expected experimental lepton 

f^ I flavour violation sensitivity. This kind of models have been previously considered but 

it was not possible to achieve a compatibility among all of the ingredients mentioned 

above. We describe then how different SU{3) messengers, the heavy fields that decouple 
. ■ and produce the right form of the Yukawa couplings together with the scalars breaking 

r> ' the SU{3) symmetry, can lead to different Yukawa couplings. This in turn implies dif- 

S . fercnt consequences for flavour violation couplings and conditions for realizing the right 

amount of baryon asymmetry through the decay of the lightest right-handed neutrino. 

Also a highlight of the present work is a new fit of the Yukawa textures traditionally 

embedded in SU{3) family models. 



1 Introduction 

Some interesting models [U [7] explaining fermion masses and mixing within the context of 
a GUT theory, a family symmetry and using Type I see-saw [2], cannot easily account for 
the observed baryon asymmetry of the universe through thermal leptogenesis l|. 

Working in the context of a gauge group Pati-Salam (PS) 'xGp-, where Gp is a family 
group, we address two natural questions: how complicated is it to find a model realizing 
both mechanisms in a non-fine tuned way? and can we determine predictive features of 
such a model? 

Instead of concentrating on a particular model we first re-analyze, in the light of re- 
cent experimental measurements and analysis, the validity of the Yukawa textures that are 
commonly embedded in SU{2>) family models [6j-[13j. We find that while these Yukawa 
textures themselves are still compatible with experimental observations, the SU{2>) models 
that could potentially explain them should be modified. In particular, the messengers of 
such theories should be carefully analyzed since the details of them could determine the 
real predictability and viability of such models. 

This paper is organized as follows. In § 2 we state the parameters of the Yukawa 
textures that are usually embedded in SU{'i) family models [B]-[T3], briefly explaining which 
observables are used for the fit to experimental quantities. We leave for the Appendix A 
some details of the fits. One has been performed for y^ ^ y^, i.e. tan/? small, (Table [5|) 
and the other one for y^ ~ ?/(, i.e. tan/3 large, (Table [6|). The fit for large tan/3 is the 
preferred one. Then in § 3 we re-state the assumptions for these textures to be embedded 
in 5f7(3) family groups, paying attention to the messenger sector of the theory and giving 
as an example a minimal messenger content for the model in [9j. These messengers are not 
SU{A)ps singlets thus in principle this Ansatz could be embedded in 5*0(10) models where 
the breaking to the PS group happens close to the unification scale, such that gauge coupling 
unification is not significantly altered. In § 4 we explain how the observed neutrino mixing 
can arise in this particular example. Under these guidelines we exemplify how different 
assumptions of the messenger masses can be taken into account to have different Yukawa 
couplings and different predictions for tan/3. 

The constraints coming from flavour violation and the parameters relevant for leptoge- 
nesis are discussed in § 5 and § 6 respectively. Lepton flavour violation gives important 
constraints on the elements of Y^ , the Yukawa coupling of the right-handed neutrinos in 
the basis where charged leptons are diagonal. As a result we find that for our example of 
messenger sector of an 5C/(3) model, detailed in § 3, the messengers for the right-handed 
neutrinos and those for the rest of the fermions should have a rather different behaviour. 

It is interesting to note that flavoured thermal leptogenesis p^ can account for the 
explanation of the baryon asymmetry in the universe. The solution for low tan/3 is not 
pretty sensitive to the element Yj^, while the solution for high tan/3 it is. It was pointed 
out in [T5| that in the context of right-handed neutrino sequential dominance (RHNSD) 
|16) . a ratio ^ii/i^'j ~ 0.1 for a mass of the lightest right-handed neutrino of 0(10^^) GeV 



^ It is possible to achieve the required baryon asymmetry through leptogenesis but only with the decay 
of the second lightest right-handed neutrino [SIS], not with the lightest [5j. 



and a relative high tan /? could account for the right value of the baryon asymmetry through 
flavoured leptogenesis. Our solution for explaining the mixing in the lepton sector differs 
from the RHNSD solution and hence the weak dependence of l^i foi' 1°'^ tan j3. 

Finally we conclude in § 7 by summarizing that it is possible to construct a SU{2>) model 
with Type I see-saw, account for the observed baryon asymmetry of the universe, with the 
decay of the lightest right-handed neutrino and satisfy flavour violation bounds. However, 
this requires a very complicated messenger structure that needs to be justified with further 
model building ingredients. 

2 Simple Yukawa Textures for fermions 

Yukawa textures of the form 

ai2 e^ aise^ 

y/ = I aai e^ a223^^ e f + «22 4 «233^^ 4 + «23 4 I , (2-1) 



f "'32 <^f + ^32 £/ 
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where the coefficients ajj = 0(1), |ajj| ss |ajj|, f-d = 0(10^"'^) and e^ < e^, have long been 
considered to be a successful description of the mass eigenvalues and mixing in the quark 
sector [17| . There have been some experimental changes since the original fit of [18] and 
the update in [1|; mainly the AM^^ measurement [TOj, already taken into account in [1|, 
and a better constraint of the angles of the unitary relation in the CKM matrix |20j . 
In the Appendix A we present a result of the fit to the observables; 

Vus, Vcb, Vub, 0, , , , , [Z.Z) 

rric nrit rus rrib 

where we use the standard notation of the CKM matrix [21J for the definition of 6 = 
Arg[V*ij\. It has been shown in Ref. [18] that expressions for these observables in terms of 
the Yukawa couplings of u and d sectors following the texture Eq. (j2.ip have a rather simple 
form. We present some details and the results of the new fits for low and large tan/3 in 
Appendix A. 

3 Models based on SU{3) family groups 
3.1 Basic structure 



The form of the Yukawa couplings in Eq. (j2.ip have been traditionally explained in the 
context of models with a SU{3) family symmetry |6]-[T3]. For definiteness we take the 
superpotential explaining the Yukawa couplings of quarks and charged leptons as in [9] : 



W - ,/, ^3^,/,c U I ,/, ^23^45023 ,,c tt , ,/, '^123'^23 ,,c tt , ,/, ^23^123 ,,c tt /o n\ 



-TL -ft R Ix 

where the scalar components of the three superfields (p^, (J)23j '/'123 (the so-called flavons 
or familions) break the SU{3) symmetry by acquiring a vacuum expectation value (VEV) 
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Table 1: Charges of an example of messenger fields that could be used in the model of [S]. 



different from zero. Sucli VEVs are aligned in the flavour space as follows: 



63) = (0 l)x 
6123) = (1 1 l)c 
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^23/ 



(0 -1 1)6, 



(3.4) 



Each of the fields above sits in an anti-triplet representation of S'[/(3), while the SM fermion 
fields, sit in triplet representations. The field (p^^ is also a triplet of an SU{2)ji group which 
could be embedded in a GUT, while the others are PS or GUT singlets. The superpotential 
of Eq. ()3.3p also preserves two additional U{1) symmetries which have the role of forbidding 
dangerous contributions to specific Yukawa couplings. In Ref. [9] the specific choice of U{1) 
charges can be foundo In Eq. ()3.3p M/j indicates a common mass for the XR messengers. 
Here we propose a specific messenger sector, which the model of [9j does not specify, that is 
compatible with the structure of Eq. ()3.3p and the form of the vacuum expectation values 
(VEVs) of the flavon fields in Eq. ()3.4p . Since our discussion concentrates on how the 
messenger sector could affect flavour changing processes and leptogenesis, we are going to 
discuss the details of it in the following sections. In Tab. [1] we display the field-content of 
the model and the corresponding quantum numbers, without specifying additional fields 
needed by the breaking of the flavour symmetry and the vacuum alignment, which can be 
found in [9| . Since we assume that the Yukawa matrices arise mainly from the right-handed 
messenger sector sector, namely Ml ^> M/j, we have not included possible left-handed 
messengers (whose U{1) charges would be the same as the right-handed messengers). The 
field-content showed in Table [1] gives rise to the diagrams in Fig. [TJ Once the messenger 



^ We recall the reader that the vacuum alignment of flavons is crucial in determining the order of 
magnitude of the vacuum expectation values of the flavons appearing in Eq. (|3.3|l . But even this seems to 
be not enough to ensure a correct description of fermion masses and mixing, that is why extra L'^(l)'s need 
to be added. It would be interesting to try to work out the correct size of Yukawa couplings just through 
the vacuum alignment without the introduction of such extra C/(l)'s. 
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Figure 1: The Yukawa couplings for fermion masses and mixing arise once the right-handed messenger fields 
are integrated out. 



fields are integrated out (by solving the super symmetric equations of motion, dxW = 0, 
dj^W = [22j), we get the following effective superpotential: 



W = tPi 



^303 



M^3 M^i, 

X-R X.R 



i^jh + ^pi 



^23023 



■V'-/i- 



H 



Xr Xr Xr 



+ i^^ 



^23^123 _|_ ^123^23 
Xr Xr Xr Xr 



i^p. (3.5) 



We did not write explicitly the 0{1) couplings. In principle the messengers associated to 
the different kind of fermions, once the underlying GUT or PS groups are broken, could 
be different, hence from now on we denote the messenger masses as MJ^, with f = u,d, v. 
In particular it was pointed in [17] that 5'C/(2)r breaking effects are expected to split the 
messenger masses in the up and down sector, such that V^ and V^ can have different 
expansion parameters e^ and e^. 

Let us now express the VEVs of the flavon fields and the messenger masses in terms of 



convenient expansion parameters, that we identify with those of Eq. ()2.ip as follows: 
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(3.6) 



We have assumed that the VEV of the field H aligns in the direction of the hypercharge, 
yf, of the given right-handed fermion. 

After the breaking of SU{3), the part of the effective Kahler potential corresponding to 
the matter fields is, 
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(3.8) 



where the terms proportional to the hidden sector fields which break supersymmetry were 
not explicitly written. We have assumed that the left-handed messenger fields do not play 
a role in the determination of any physical quantity because the left-handed messengers are 
too heavy with respect to the right-handed ones: 



rM 



Ml 



<1. 



(3.9) 



3.2 Canonical normalization 

As a consequence, the Kahler potential written above induces non-canonical kinetic terms 
only for the field f/''^- In order to better identify these with physical quantities we redefine 
these superfields such that the kinetic terms are canonical: 



P]K^Pi = 1, 



(3.10) 



with / = ip^'ip'^. Thus, the Yukawa matrices for canonically normalized fields are [8l 110]: 

y/ = PfY^Pfc, (3.11) 

with Pj ~ 1, in our case. We use bold faces only for the Yukawa matrix in the non-canonical 
basis. The choice of the matrices P in Eq. (|3.10p is basis dependent, since if Eq. (j3.10p is 



6 



11^. AT. — ]^ then P and A^ are related through a unitary matrix U: 
NU. The effects of the canonical normalization does not depend on the choice of basis 



also satisfied for NJKfNj 
P 



because one can show that the eigenvalues of the Yukawa matrices and the CKM mixing 
remain invariant independent of the choice of P that satisfies the Eq. (j3.10p . but of course 
with the same assumptions on the messenger sectors [SI \TU[ \TT\ . Furthermore as long as the 
Kahler metric is of the form of Eq. (|B.6ip and the Yukawa matrices as in Eq. ()2.ip with 
all the coefficients Uij different from zero, the transformation of the matrix Pfc will not 
change the structure of the CKM mixing, it can just alter the 0(1) coefficients involved on 
it. However when some of the elements aij are zero, the canonical normalization can have 
a rather different impact. We exemplify this with a choice of P satisfying P~^* = P^^ . 

From Eqs. ()3.81 I3.14p . it is easy to check that such a transformation (acting only on 
right-handed superfields) induces a contribution to the the element Ig^ of the form: 



4~Y^ 



32 + 0(Y3^3 



)e). 



(3.12) 



If we have Y33 ~ 0(1) then the second term of the expression above it is of the same order 
of the leading term in Y32, so that it does not spoil the pattern of fermion masses and 
mixing given by the Yukawa couplings with the structure of Eq. (|2.ip . The most important 
changes in Y and Y^ are of the form: 
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(3.13) 
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where we written rjv/ just to emphasize that the induced changes in the upper and lower 
parts of the Yukawa matrix come from the contributions of the left- (very heavy) and right- 
handed messengers, respectively, therefore are different. Then, the Yukawa matrices for 
f = d,e (where eg = e^) in the canonical basis, to a good approximation, can expressed as 
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(3.14) 



where we have defined: 
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(3.15) 



and the coefficients gij are specified in Eq. (jB.GOp in terms of the couplings of the fun- 
damental operators in the superpotential of Eq. ()B.59p . gh ,g'f, and g'^, which also appear 
in the Kahler potential of Eq. (jB^Hu- The expansion parameters e^ and e^ are specified 



^Note that only terms in a/ are relevant in the Kahler potential in the diagonal components of K^c^at in 
Eq. (|B.61[) , when taking the leading terms of the canonical normalization for the matrices P of Eq. (|3.10|l . 



in Appendix |A] and are of 0(10 ^) and 0(10 ^) respectively. We can see that the only 



effective changes of the canonical normalization are in the elements Y/^ , l^g 32 , Y^^ and Ygg 
(/ = e, d). For the Y"^ matrix we have 
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where again we have similar changes to those in the d sector but the only effective changes 
are in Y2^ 32, Y^^ and ^33 since eu < ed- 

A real problem could arise in the neutrino sector. The leading term in the neutrino 
Yukawa coupling Y'^ is given by Y32 ~ edC^j since y{i'R) = 0, which it is required by 
the large mixing in the Pontecorvo-Maki-Nakagawa-Sakita (PMNS) matrix. However, the 
transformation of Eq. (|3.1ip to the canonical basis induces a dominant contribution to 1^32 : 
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(3.17) 
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which spoils the structure of the light neutrino mass matrix for (733 ~ 0(1) if we would 
like to use the solutions for the PMNS mixing as in [9J. However, as long as we put the 
constraint of 

56933 < ed' (3-18) 

the effect of the canonical normalization for the proposed messenger sector leads to the 
right structure of Y'^ with a solution that we detail in the following section. 

Note however that Eq. (j3.18p it is not a relation between the canonical Yukawa couplings 
which can lead more directly to the mass eigenvalues. From Eq. ()3.5p we identify the 



couplings ^33 in the non-canonical basis: ^33 
the canonical basis we have 
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assuming that a-' are real |_|. Only the first expression of Igg after the equal sign is general, 
the second expression assumes 



M^ 



^Rf 



af, f = u,d,e; 



My > a„. 



(3.20) 



This effect on the eigenvalues after canonical normalization is independent on the choice of P. This is 
easily checked by noting that Det[Y ] — Det[Y']Det[Pfc] is independent of the choice of Pfc. Then given 



the structure of Eq. (|B.61|I we have Det[P] 



"2 2 2x1/2 



{l + g^^eletyr'{l + gte^yr^{l + 



Nl/2 



The last inequality is compatible with Eq. ()3.18p since we need 



a 



M., > g'Jbdb—, (3.21) 



ed 



and we have assumed the first equality in Eq. (j3.20p . Note that in order to satisfy Eq. (j3.6p 
we need also to assume that M^n = Myiu. In this case then the Yukawa matrix V^ is 
effectively insensitive to the canonical normalization. The canonical couplings of course 
will correspond mainly to the physical couplings of the third generation because the diag- 
onalization of the matrices will not affect them too much. Then we can work out some 
interesting relations by connecting the scale M% with the different sectors and using the 

relations (13.61): 



g2 M^l g2 Ml 



(3.22) 



On the other hand for a physical top Yukawa coupling we need yt ~ 0(1) ~ Y^ and hence 
we conclude also that we need M% ^ a^ and since the couplings in Eq. ()3.2ip are of 0(1), 
the requirement on the mass of M n can be understood simply in terms of au and e^, and 
there is enough freedom to choose it at the right order without affecting the other scales 
which, as we have seen, should be similar to each other. The second relation of Eq. (j3.6p 
can be also used to get some relations among masses but it is not useful since it introduces 
other unknown parameter: c. Note from Eq. (|3.22p that, while there is a relation between 
M^i and M,,i through parameters that can be determined from Yukawa couplings, there 

is not a such a relation between a^ and a^ and hence there is some freedom to set the value 
of tan/3: 

t-/3 = - = ^^4^-^- (3-23) 

From the Eqs. (|3.7l3.8p for the Kahler potential, we can easily derive the structure of 
the soft-mass matrices as they appear at the SUSY-breaking scale and after the canonical 
normalization: 

m)^Q;L ^1 1 \ml + rM\ e'/ ej ej \ mi (3.24) 




^% - \ 1 \ml+\ e'/ ej ej^ | m^ . (3.25) 

Here e'r ~ e/Cd- The expressions for m^ - clearly just depend only on the possible left- 
handed messengers, we are writing on the right-hand side of Eq. ()3.25p expressions in terms 
of the ej parameters of the Yukawa matrices and that are dominated by the right-handed 
messengers, hence we could equally put eu or e^ multiplied by its corresponding right-handed 
mass. 



3.3 Effective flavour matrices 

After the rotation to the so-called super CKM (SCKM) basis, where the corresponding 
Yukawa matrix is diagonal, Eq. ()A.57p . the soft squared mass matrices take the form: 



m^- ~ ( 1 \ ml + TM 



m. 



/ e^e/ e^e/ erfC/ 

ede) e) e) | mg, (3.26) 

^d^f ^d^f ^d^f 

2 -' ' ' ^ rnl+\ ede) e) e) I mg . (3.27) 



1/ \ede) e) yf 



33 



These are the relevant quantities that we use to compute the flavour violating parameters 
from which we can immediately see that flavour violating off-diagonal parameters are present 
even before Mqut [6l[7], at the scale at which the flavour symmetry is broken. 

Let us finally comment that in the limit Ml ^ Mr that we are considering (as well as in 
absence of left-handed messengers) , there is no flavour violation in the left-handed sfermion 
sector above MguT; only in the right-handed sector. Still of course, flavour violating terms 
in m^ can be generated by the RGE running down to the EW scale, as we will see in § [5l 

Prom the discussion in this section we have learned that the Yukawa couplings obtained 
from SU{3) models with the chosen messenger sector are compatible with the following 
form of Yukawa matrix 

(0 ai2 edej aisedej \ 

a2i ede) 022^^^ e) + a'^^ ede) 023^^^ e) + a'23 ede) , (3.28) 

«3i ede) a2,2yf e) + a'32 ede) a^ / 

where y^ = 0, 033 < e^, and all other coefficients are 0(1). We do not necessarily need to 
have aij = ±aji because after canonical normalization the relations between these 0{1) can 
be altered. In order to identify this matrix with the matrix of Eq. (j2.ip for Y^ we have to 
make the redefinitions of coefficients from the fit in the Appendix A as follows 

«ij^«ii-' (3-29) 

eu 

where in the left hand side are the coefficients of the matrix ()3.28p and the right-hand side 
the coefficients of Table [5J The coefficients 032 23 32 cannot be really determined with this 
kind of fits. All of the other coefficients are as in Appendix A. 



4 Constraints from lepton mixing 



The Yukawa matrices in the lepton sector can be diagonalized by the transformations: 



Y^ = UjY'^Uf,, Y" = UjY^Un, where Y^ are diagonal matrices. Since constraints from 
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leptogenesis are better understood in the basis where the charged leptons are diagonal we 
consider the Type I see-saw formula in this basis: 

= UlY-M'^^Y^^Jjf = 4mns<l^pmns, (4-30) 

where rn^^ is the diagonal matrix of neutrino mass eigenvalues: 



^LL - "^3 I ^ I . (4.31) 

We can then define 

.1 = ^, .. = ^ (4.32) 

1713 rns 

and use the standard form of the PMNS matrix [21] to determine the form of m'^^ in terms 
of Qi and the mixing angles 9i, 62 and ^3: 

/ qi \ 

"^LL = "T-sf^PMNS 92 C/'pMNS' (4-33) 

V 1/ 

which can be used to quickly compare it to the form of m'^^ given by a particular model. 
In the following we will be referring just to Y'^, taking the form of Y'^ from Eq. (|3.28p . then 
we can express it as 

^a^iejel a\^edel a^^e^el \ / 6i2e^e2 h^elel 
Y^=\ a^,,e,el a%,e,el a^.^e.el + h^x^A h^^^A ^^AA I (4.34) 






au^ciel a'^2^del >! / V ^sie'e' ^32e^el ^sse^e^. 



which has acquired an effective Y"/^ element different from zero but leaving the structure 
unchanged in the other elements at leading order, as it can be seen from Eq. (j3.28p . From 
now on we call 

«11 = -(^12^21 /Vr- (4.35) 

The sub-dominant contribution, the second term of the right-hand side of Eq. (j4.34p , comes 
entirely from the change of basis where the charged leptons are diagonal. For the hierarchy 
qi < q2 < 1 we can better see the structure of the matrix m'^^ in the limit Si2 = l/\/3> 
S23 = l/\/2: 



"^LL = "^3 



+ "7-3 




2gi I 92 

3 "•" 3 
22 _ 21 

3 3 

2i_22 _ _ __ _ 

3 3 6 3'26'3'2 

„2 £ia _ 92^13 sia _ 92^13 \ 

13 v^ 3v^ v^ 3v^ \ 
^13 92513 v^„ „ 1„ „2 

72-^71" -—^2^13 692^13 

£13 _ 22£13 1„„„2 V^OoSiQ 

V2 3V2 6^2513 3 92Sl3 



(4.36) 
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We can see that the dominant contribution for the determination of the ^23 and 612 mixing 
angles comes from the first term in Eq. ()4.36p . The second term determines the size of the 
^13 angle. Comparing Eq. ()4.36p to the see-saw formula m'^j^ = —^Y'^M^ Y , we see 
that terms proportional to 1/Afi must dominate and we need the following hierarchy of 
right-handed neutrino masses: 



4,2 



Ce 



ly'^d 



(X^ 



M3 > M2 > Ml. 



(4.37) 



Remember that from constraints on canonical normalization we require 1^33 < ed (see 
Eq. (|3.17p and comments below). Let us consider first term of Eq. ()4.36p . ignoring for 
the moment the second term and assuming that the leading contributions in 1/Mi in the 
(2, 3) sub-matrix of w-^^^ generate the atmospheric mixing. The solar mixing angle and ^2 
are explained through the terms which go like I/M2 in "^ll- 

With the form of Y^ of Eq. ()4.34p . and considering at first approximation Mr to be 

diagonal we can compare the see-saw formula w-x-L ~ ~~2^'^ ^R ^ ^^ ^^^ mass matrix in 
Eq. (|4.36p in order to put conditions on the elements on Y'^ and M/j to achieve the desired 
mixing in the lepton sector, then we have: 



Ml 



2„i^2 2 4 



( 



\ 



M2 
"l2"'32'=d'^i/ 



M2 



+ 
+ 



^ll°2l'^d' 



Ml 
^v „v i A 



n 



,2 2 4 
M2 



Afi 




Ml 



2„i'2 2 4 
^"13 ^d^!^ 



/ 



V 



A/i 
' n'^ f2,4 

Ml 

,1-2^4 



\ 



Ml 




which implies 



vl V V v1 

'^21 — Q'21^31 — ^31' 



^22 



^23 ' 



(4.38) 



On the other hand we also need 



Ml > Maed 



022012 



(4.39) 



in order to be compatible with Eq. ()4.38p . but there is only a narrow range of M2 and Mi 
that can simultaneously satisfy Eq. (j4.37p . In this case we have 



7713 



4,2 ^u 



^i/^d 



Mi^ 



4 2 "^u 



(4.40) 



Then from 7773 in Eq. (|4.40p . the order of magnitude of Mi then can be fixed as follows: 



Ml w 1.7 sin^/? 



r ed 1 

L0.13J 


2 


r ^v 1 

L0.3J 


4 


"0.05 eV 
7773 





246 GeV 



X 10" GeV. 



(4.41) 
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Example of flavour violating parameters for Mn ~ C'(Mgut) 


((^XYJij 


LL 


RR 


LR 


ij = 12 
ij = 13 
ij = 23 


TM^ ~ 
TM^i ~ 


i < 10-^ 
i < 10-^ 
i < 10- 


V ^oe^ ^ -|^Q_5 


^/l+tan/32 ^"Iq "^ "" 


^/l+tan/32 ^"Iq "^ "" 


^/l+tan/32 7?-m^ ~ "" 



Table 2: Leptonic flavour violating parameters. The running to the EW scale is parametrized by the 
running factor TZ, which depends on the relations at the GUT scale between M1/2 and mo- While flavour 
parameters of the type (<5xx)»j ^o not depend heavily on the details of the supersymmetric parameters, the 
ones like {S[^-n)ij do. The numbers quoted for this later parameters correspond to the supersymmetric point 
{Ao,mo} = { — 520,370} GeV, tan/3 — 50, following :33]- We present this example to contrast it with the 
flavour violating parameters generated by our example of § 3 . 

Since there is just an upper experimental limit on the value of ^13 and no constraints on 
qi, the value of M3 is not really further restricted other than from Eq. (|4.37p . Then if 
it is sufficiently large, the Yukawa coupling 1^3 does not play a significant role into the 
determination of the parameters in Eq. ()4.40p . However it is nice to see that from the 
requirement of 1^33 < e^ we can go ahead and propose that 



^33 


= 


^d^lha 


M3 


r\^ 


Ml 
ed 


a^3 


= 


-b33- 



(4.42) 



With the assumptions above ()4.42p we then have 



mi 



4,2 



e„€] 



M^- 



(4.43) 



To summarize, qi is now described by the sub-dominant terms in 1/Mi in the elements 
(1, 2) — (2, 1), (1, 3) — (3, 1) and the terms in I/M3 in all elements of wi^,/,- This also assumes 
Eq. ()4.43p and of course we have taken into account the second term of Eq. (j4.36p which 
gives small variations to the requirements of the coefficients in Eq. ()4.38p and Eq. (|4.42p . 
The mixing angle ^13 is restricted by this choice and by the coefficient a^^. The values of 
the coefficients of V^ and the outputs of the mass eigenvalues and mixing angles are given 
in Table El 



5 Constraints from LFV decays 

We have seen in § 3 that, in the basis where charged leptons are diagonal, the soft mass 
matrices of Eqs. (|3.26l[3l27|l have flavour violating off-diagonal entries already at the flavour 
symmetry breaking scale. Moreover, the trilinear A^ matrices are in general not aligned 
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with the corresponding Yukawa matrices [TJ \T0\ I12j . As a consequence, sources of flavor 
mixing are expected to arise from ah sectors: LL, RR and LR. 

From Eqs. (|3.26l [3r27|) . we see that the leptonic flavour violating mass insertions (MI) 
for the n — e transitions are: 



iSWu ^ rM^, {dlin)i2 



n 



(5.44) 



where the factor TZ accounts for the running of the slepton masses. If the right-handed 
neutrinos had decoupled above or at the GUT scale, the present experimental bound, 
BR(/i — )• 67) < 1.2 X 10^^^ [23], could have been easily satisfied. Since TZ from the GUT to 
the EW scale is simply given by 



7^~ 



m2 +0.5^2 

2 — — LH sleptons 



mg+0.15M2^2 



RH sleptons 



(5.45) 



and hence in the limit we are taking, Ml ^» Mr (vm — ?• 0), we have 



iS[ 



Ll)i2 



0, {S'rr) 



RR) 12 



0(10-3) 



(5.46) 



Indeed, this just would give a weak constraint to the SUSY parameter space, excluding 
regions with light slepton and gaugino masses |24j . A larger source of lepton flavour violation 
(LFV) is in any case provided by the LR mass insertions, in the case of non- vanishing Aq. In 
Table [H we present an estimate of all the leptonic Mis, as predicted by the SU{3) flavour 
symmetry and by the choices made about the messenger fields for an example as if the 
right-handed neutrinos had decoupled above the GUT scale. 

Now we take into account also the running of the off-diagonal elements of ?n,? , driven 



by the neutrino Yukawa couplings [25] 
leading-log approximation [23 EZ] as: 



This well known effect can be estimated to be in 



(m|),^,(M^) :. (m|).^,(McuT) - ^^^ (^^'^"^^0. ' ^''"^^ 



As a consequence, considering only the contribution from the running, we get 






1 

1 

'8^' 



,42 



-4,2 



ed m -^;-^ h In -^;-^ \- In 



Mr, 

m — — h In 

Mr, 



Mr, 



Mr, 



3mg + Al 
ml + 0.5M2 2 



A^GUT , ^33 , AfcUT 



Mr, 



+ 



^d^l 



Mr, 



3mg + Al 
ml + 0.5M2^2 



(5.48) 
.(5.49) 



This effect can be dangerously large, only if ei, ~ 0(1)- In this case, we get ((5£j^)i2 — 
0{1Q~^)/TZ, a value for which the present limit on BR(/i — )• 67) already excludes a sizable 
region of the SUSY parameter space |24j . On the other hand, already e^ ~ 0.4 would give 
a running effect such that {5%i)i2 — 0{1{)~^)/TZ, a value which is not very constraining at 
present, at least in the moderate tan/3 regime. 



14 



BR(|i^e7) 



BR([i^eY) 



1000 



800 



I 600 h 



400 -, 



200 





1e-10 



1e-11 



1e-12 



1e-13 



1e-14 



1e-15 



1000 



800 



S. 600 - 



O 



400 



200 




1e-08 



1e-09 



1e-10 



1e-11 



1e-12 



1e-13 



400 800 1200 1600 

mo (GeV) 



400 800 1200 1600 

mo (GeV) 



Figure 2: Predictions for BR(/i -^ 67) in the {mo, M1/2) plane, for tan/3 = 10 (left) and tan/3 — 40 (right), 
Ao = 0, El, = 0.3. 



We have performed a numerical evaluation of the RG running and the LFV decay rates. 
The results are plotted in Fig. [2] in the (mo, M1/2) plane, for ^0 = and tan/3 = 10 
(left panel) and tan/3 = 40 (right panel). In both cases, we took ej^ = 0.3, a value which 
can account for the measured baryon asymmetry, as we will see in the next section. The 
green dashed-line represents the current LEP bound on the Higgs boson mass (taking into 
account a theoretical error of 3 GeV). The unknown 0(1) coefficients in the soft mass 
matrix of Eq. (|3.27p have been taken to be 1, therefore variations of the dj^j^ contribution 
are possible. We can see that the moderate tan /3 regime is practically not constrained by the 
current experimental limit BR(// — )• 67) < 1.2 x 10~^^, while the final sensitivity (~ 10~^^) 
of the MEG experiment [29] will be able to test a large portion of the parameter space. 
In the large tan/3 regime the parameter space is already rather constrained and MEG will 
test it up to SUSY masses well beyond the LHC sensitivity reach. In case of Aq ^ 0, we 
have found that the large contribution from ((^lr)i2 already excludes the parameter space 
for niQ < 0.8 — 1 TeV even in the moderate tan/3 regime, if Ao/mQ ~ 1. This result is valid 
up to variations of the unknown 0(1) coefficients in the soft matrices m|, A^. 

Regarding the LFV r decays, we have found that the present bound on BR(/i — )• ej) 
excludes the possibility of observing LFV r decays in the foreseeable experiments. In fact, 
for instance: 

BR(r -^ fij) ~ 0(10) X BR(^ -^ 67) , 

which is a consequence of the fact that Mis in the sector 2 — 3 are not much larger than 
those in the sector 1 — 2: indeed, we have (<5ll)23 ~ (<Jll)i2 and (<5j^r)23 ~ (<JRR)i2/ed, as 
we can see from Tab. El and Eqs. (I53S1 E3SD- 

Finally we briefly comment about the flavour violation in the squark sector. The same 
expressions of the mass insertions given in Tab. [2] can be used for the down-quark sector, 
since we are not taking into account the 0(1) coefficients that make the differences in these 
two sectors. In order to obtain the numerical value of the hadronic mass insertions, we need 
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to take into account a larger factor 7^. In fact, for squarks, we typically have: 

IZ ~ ^^ ^'^ . (5.50) 



m5 



In the up-quark sector, the parameters {5xx)ij ^"^^ ^^^^ those of {^yj^ij with the replacement 
ed -^ e„ and 



ftan/3 Aoe^ ^ t;tan/3 Aoe^ 

Vl + tan/32^' ^^^'^"''Tl + tan/SS^ 



('^lr)i2,13-^^^^=^=:^, iSlK)23^v^==^=:^,. (5.51) 



Bounds of these type have been also analyzed in [TO]. Flavour changing neutral current 
(FCNC) processes strongly constrain the Mis 6fj, especially in the 1-2 sector, while the up 
sector is at present less constrained [28]. From the bounds provided in [28j, we see that the 
model is able to take hadronic FCNC under control. 

We would like to remind the reader that the results presented above have a non-trivial 
dependence on the assumptions we made about the messengers. Thus, we can state that a 
full specification of the messenger sector seems to be unavoidable, in order to improve the 
predictivity of the SU{3) flavour models. 

6 Constraints from leptogenesis 

For the proper treatment of leptogenesis leading to the observed baryon asymmetry of the 
Universe, we need to consider the flavour effect (see, for instance, Ref. [30j and references 
therein) in the models under consideration, like it was taken into account for the RHND in 

m- 

For our calculation of leptogenesis, we will use the approximate analytic formula derived 
in Ref. [30j taking into account the arbitrary order-one coefficients and the three right- 
handed masses constrained in the section 4. 

Since the lightest mass Mi , for the normal hierarchy of oscillating neutrinos that we are 
considering, is in the range of 10^ — 10^^ GeV, we can have the situations of the tau Yukawa 
or the muon and tau Yukawa interactions in equilibrium depending on tan/3. 

When (1 -|- tan^ /3) x 10^ GeV < M/, the tau Yukawa interaction is in equilibrium and 
thus we use the supersymmetric formula for the baryon asymmetry Yb = ns/s normalized 
by the entropy density s as follows; 

10 / /541 \ /494 



where g^ = 228.75, e/^2 = e/,e + e/,/^ and mi^2 = "T-J.e + "i/,^- Where we can have / = 1 or 
2 for a normal or inverted hierarchy (Mi < M2 or Mi > M2) respectively. The quantities 
€/,«) ini^a and the function r] will be defined below. 

When Mj < (1 -|- tan^ /3) x 10^ GeV, the muon and tau Yukawa interaction are in 
equilibrium and the baryon asymmetry Yb is given by 

^^ " -3S: G^"^^ (^"'^■O ^'^''^^ (^"'^•^) +'^-^ (i"^^-)) ■ ^'-''^ 
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kb/s vs. e„ for y"|/v"2= 0.05, 0.1, 0.2 



iii/s vs. e„ for y",/y",= 0.05, 0.1, 0.2 
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Figure 3: Baryon asymmetry for the normal hierarchy with high (left figure) and low (right figure) tan/3. 
The left figure shows an enhancement for lager Yii, whereas the curves in the right figure are insensitive to 



Here we define 



e/,. 



mi. 



1 Ej^/Im {yl)ia[ylyv\i.j{yl)jo, 



Svr 



{ylyu)ii 



iyl)laiyu)alj^: 



Ml 



(6.54) 
(6.55) 



where g{x) ss 
mated [30] as 



-- when X ^ 1. Finally the so-called wash-out function rj can be approxi- 



\/x 



r]{m) 



8.25 X 10-3 eV 



m 



+ 



m 



0.2 X 10-3 eV 



(6.56) 



In Fig. 3, we calculate the baryon asymmetry as a function of Yq and e^- Here the 
high (low) tan/3 region is defined by 1 + tan^ /3 > (<) Mi/lO^GeV. The region above the 
horizontal line is allowed as we assumed the maximal CP violation. For high tan/3 (the 
left plot) the flavour effect becomes important and thus larger Yl[ yields larger baryon 
asymmetry. One can also see that the required baryon asymmetry can be obtained for e^ 
larger than about 0.3. For low tan/3 (the right plot) the flavour effect is suppressed and 
^u ^ 0-3 is needed as in the large tan/3 case. 

Note that the successful thermal leptogenesis in our framework requires the right-handed 
neutrino mass Mi ~ 10^^-^^ GeV. These values generally contradict with the standard 
bigbang nucleosynthesis due to the decay of the unstable gravitino [31]. However this 
gravitino problem can be circumvented if the gravitno mass is in the range of 3 — 100 TeV 
depending on the hadronic branching ratio of the gravitino [31j. Another simple way of 
avoiding the gravitino problem is to take the axino as the lightest super symmetric particle 
and the gravitino as the next lightest super symmetric particle so that the gravitino decays 
only to the axino and axion which has no effect in bigbang nucleosynthesis. In this case, 
dark matter can be a composed of the warm axino [32j and the cold axion. 
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7 Conclusions 

We have addressed the compatibihty of SU{3) family models and the observed value of 
baryon asymetry through the decay of the lightest right-handed neutrino of a mass about 
Ml ~ 10^^"^'^ GeV and that at the same time can also satisfy the stringent LFV bounds. 

For this purpose we have first updated the fit of the form of the Yukawa matrices that 
are traditionally embeded in SU{3) models ^-^3j. There is a change of the parameters de- 
scribing these textures but their form remains valid. Then we have re-stated the conditions 
under which the SU{3) family symmetry breaking can yield the appropriate quark and lep- 
ton (including neutrino) Yukawa couplings. This is done through the VEVs of three flavon 
fields associated with appropriate heavy masses of only right-handed messengers. These 
messengers carry non-trivial Pati-Salam (PS) quantum numbers and therefore models of 
this class can be embedded in a PS model and hence also into a 50(10) GUT. 

While the structure of the right-handed messengers after the breaking of the PS group 
is similar to that one studied in other SU{3) family models [S]-[I3] , the structure of the 
inessengers for the right-handed neutrinos is different, essentially because we were interested 
in raising the scale of the lightest right-handed neutrino to achieve the observed value of 
baryon asymmetry through its decay. 

We therefore have proposed a specific choice of messengers fields allowed by all the sym- 
metries of the model. Working out all the details of how the canonical normalization of the 
matter fields with the Kahler metric derived from the proposed right-handed messengers, 
affects the form of the Yukawa couplings and the super symmetric FV parameters, we have 
learned that in order to have a real predictive model, the masses of the messenger fields 
should be explained with further model building ingredients. However, we have not con- 
structed a potential from which the particular conditions of messengers could be explained. 
We would like to point out that indeed for improving the predictivity of SU{3) models, its 
messenger structure needs to be fully addressed. 

For values of the parameters fitting the measured observables in the quark and lepton 
sectors, the LFV process /U — t- 67 can easily evade the current constraint but can be probed 
in the MEG experiment for Ciy > 0.3, a value which is consistent with the observed baryon 
asymmetry. In the neutrino sector, the lightest right handed neutrino (Mi ~ 10^^"^'^ GeV) 
gives the dominant contribution to the neutrino mass matrix. In the high tan/3 region the 
right baryon asymmetry can not be obtained if Y^^ — )• (in the flavour basis) which is 
the usual requirement when constructing SU{3) family or 50(10) GUT models in order to 
reproduce the Gatto-Sartori-Tonin relation [38]. However, non-zero values of Yl[ can arise 
in the canonical basis where the Kahler terms are diagonalized and most importantly when 
considering V^ in the basis where charged leptons are diagonal. It is this last contribution 
that turns out to be of the required order by the leptogensis processes, which are better 
understood in this basis. 

In our example in the latter case, this leads to a sizable lepton asymmetry. For instance, 
the observed baryon asymmetry can be obtained for e^^ > 0.3 with ^ij/^12 = 0.1. In the 
low tan/3 region the size of Yfi is irrelevant for the size of baryon asymmetry and the 
compatibility with leptogenesis can be obtained also for e^ > 0.3. 

Finally, let us remark that the constraints from leptogenesis imply a rate for ^ — )• 67 
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Input Values 



Constraints 






Value 








Refer en. 


IK.I 








0.2246 ± 0.0012 










\Vcb\ 








(40.59 ± 0.38 ± 


.58) 


X 10-3 






\Vub\ 








(3.87 ±0.09 ±0.46) x 


10-3 




m 


tan [7] 








2.45 ±0.1 










TTic 








0.0021 ± 0.0002 








t 


rric 
mt 








0.0074 ±0.0017 








t 


Trig 








0.0525 ±0.0035 








t 


rris 
rrifj 








0.016 ±0.006 








t 


t Determined from 










At Mz 












0.56 ±0.125 






0.56 ±0.125 




Trie 

Tfls 








12.1 ±3.1 






10.42 ±3.1 




ms 
nib 

Q = m 


s/rudl 






0.025 ±0.006 
23.0 ±2.0 






0.016 ± 0.006 




Vi - ("^ 


Jmcif 


mt 








(171.1 ±2) GeV 











Table 3: Input values for constraints and other related values 

testable by the MEG experiment, at least for a SUSY spectrum in the LHC reach. This is 
due to the fact that both the CP asymmetry and BR(;U — )• 67) grow directly with the Yy 
entries (i.e. with e^ in our case). In case of a negative result of the MEG experiment, this 
would clearly disfavour this leptogenesis scenario. Other examples of such possible tension 
between leptogenesis and LEV are provided for instance in j39ll40t BT]. 
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A Fit of the elements of the Yukawa matrices 

A.l Quark sector 

The diagonalizing matrices of Yukawa matrices of the form Eq. ()2.ip , such that 

y/ = v[y^V^\ (A.57) 
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Other values from the CKM fitter 




Parameter 


CKM value ±la C.L. 


±2cj C.L. 


Direct exp. value itlo" C.L. 


±2cT C.L. 


a 

7 


90.6+^1 

21.58+§|1 
67.8+^^ 




+7.5 
-6.3 
+1.8 
-1.4 
+6.3 
-8.0 


95.6.0+^1 
2L07+°i° 
70.0+L^ 


+5.2 

-11.8 

+1.8 

-1.7 

+44 

-41 



3ijJlJ 



Table 4: Relevant information from experiments and from the CKM fitter 

are to a great approximation given by Vj^ = f^[s23]t^[si3]t/[si2] where ?7[sj 
sin(0jj) = — C/[sjj]ji, C/[Sjj]jj = Cjj and the rest elements are zero in each matrix, where 
we have omitted the flavour index /. Then the angles in each sector are given by si2 = 
012/(022 - a23032e2)e, S13 = 013/0336^, S23 = a23/a33e2- We choose only to assign one phase 
in the d sector, such that Yj^ = l^^ille**^ and one in the u sector: Y^2 — 1^12!^**^ • -'-^^ ^^^^ 
notation just C/[sf3] and C/^[s"2] are complex. 

In terms of the diagonalizing matrices that we use for each sector, the CKM parametriza- 
tion is given by V^V^ but we have to re-phase it before compare it to the standard notation. 
In this CKM standard notation the observables, Eq. (|2.2|) . that we such to fix are given to 
a good approximation by 

Wd I Wu I 

^^ Vd vu 

-'^22 -^22 

Vd Wu I „d „u 

'^"^ ~ Vd^ vu '^23^ ' ^23 — d ^d ^u ^u-, '^ — '^^^V' uh\ 

-'33 -^22 «33 "33 

Vid = -^e-*^+4pe-*^K.. (A.58) 

-^^33 -^22 

Since we have more parameters to fit than observables we need to fix some of the parameters 
in the Yukawa matrices, to this end we choose to fit the parameters which are more sensitive 
to the observables we have chosen. We can see that the parameters determining the right- 
handed diagonalizing matrices of the Yukawa matrices, or sub-dominant contributions of 
the left-handed diagonalizing matrices, are not that crucial and therefore we scan a set of 
fixed values, perform a fit to the other parameters which have not been fixed and then 
choose the best fit of the scan on the fixed parameters. Although the parameter af^ is 
relevant for the observables we choose to fit, it is easier to fix it, instead of fitting it because 
of the phase involved in the term Yf^. The fit is done with the help of MINUIT and the 
ROOT environment [35j and with the exact expressions of the elements Vij in terms of the 
mixing angles, not with the approximation of Eq. (]A.58p . We want to emphasize here that 
it is easy to see why once fixing the absolute value of the CKM angles in Eq. (j2.2p and 
assuming an unitary CKM matrix, which is consistent in our set up of three families, then 
the angles /3 and a are also fixed and are in agreement with the experimental observations. 
Using the standard CKM parametrization we see that 7 ~ (5, /3 ~ ^r(^[— 14(i] and obviously 
then a ^ 5 + (3. Note that this is consistent with what it was used in jl8] (5 = vr it $1 — /?), 
because we satisfy 6 = n + ^i — /3 = n — f3. The element Vtd is given to a good approximation 
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Quark Fitted Parameters 


Parameter 


BFP Value 


Error 


l«T2l 


1.33 


- 


«^2 


-0.3 


0.002 


"22 


1.3 


0.5 


"12 


0.67 


0.0033 


"23 


1.52 


0.01 


eu 


0.037 


0.0023 


ed 


0.115 


0.001 


Quar 


c Fixed Parameters 


"21 

"32 


<2 

-1.3e^*2 

"23 




"!i 


l«?2l 




"13 


1.0 




$2 


-1.104 




$1 


— vr 




Scaling of observables from Mew to Mqut 




Vcb 


GUT = 


X^lVcbbw 


X = 0.7 




Vub 


GUT = 


X^ Kb EW 






rrir. 
nit 


GUT 


X I^Iew 






rrib 


GUT 


x^I^Iew 





Table 5: Fitted and fixed parameters for tan/3 small. Here ai2 = \a,i2\s^ ^ ■ The error in the element |ai2| is 
not properly determined by this fit, which refiects a small tension with the assumption yb <^ yt ■ 



by iKisll Kfel — ^ub then fixing each of these values with inputs given in Table Owe ensure to 
have (3 w 22°. Using the expressions in lA. 581 and the values obtained from the fit, in Tables 
E] and El one can also easily check that the unitary angles are given to a good agreement 
within the allowed experimental range. The Yukawa matrices from Eq. ()2.ip should be 
identified with a particular family model at the scale at which its family group it is broken, 
we usually think for simplicity that this scale can be identified to the GUT scale. In this 
case one still need to take into account the running of this texture from Mqut to Mew- 
Doing this numerically involves a good effort but we can take a shortcut by choosing to fit 
parameters from which we know that the exact details of the supersymmetric spectra are 
not that relevant, just as it was done in |18] . We know that for precision analysis the effects 
of the supersymmetric spectra is relevant [331 El] however we can follow [36| and use the 
ratios of the quark masses and the CKM elements that we choose to fit, Eq. (|2.2|) . because 
we can easily estimate how do they scale from Mew up to Mqut as long as we start with 
universal supersymmetric conditions. In this case there are two different limiting cases, one 
for which yb <^ yt that is tan /3 small (Table [5]) and the other for which yb ~ yt that is tan f3 
large (Table [6]). 
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Quark Fitted Parameters 


Parameter 


BFP Value 


Error 


In" 1 
l«12l 


1.41 


0.05 


42 


-0.68 


0.16 


"22 


1.52 


0.05 


"l2 


1.30 


0.1 


"23 


1.7 


0.05 


e« 


0.04 


0.002 


ed 


0.13 


0.003 


Quar 


c Fixed Parameters 




"12 

-1.3e^*2 




42 


"23 




"^1 


<2 




"?3 


1.0 




$2 


-1.104 




$1 


— vr 




Scaling of observables from Mew to Mqut 




Vcb 


GUT = 


Xl^cblEW 


X = 0.7 




Vub 


GUT = 


X Kt6 EW 






mt 


GUT 


x^I^Iew 








GUT 


xI^Iew 





Table 6: Fitted and fixed parameters for tan/3 large (i.e yt ^ yt )• Here ai2 = |ai2|e 



i$l 



A. 2 Neutrino sector 

We have performed a simple fitting analysis to the parameters of the neutrino sector de- 
scribed in § m The results of it are presented in Table [71 



B Super potential before decoupling of heavy fields and Kahler 
metric 

If we do not introduce left-handed messengers (or we set Ml ^ Mji), the renormalizable 
superpotential above the messengers scale reads: 



W = V^X3+xJ(<7a<Al23x)?+ffa'?^3x)j' + 5a>23x}l") 



( 



9b ^i<^23 + 9b Xr(I>3 + 9b -^ij'Vi23 ) ^'^ + 9c x]^'Hxr 



(B.59) 



22 



Neutrino Fitted Parameters 


^21 
^31 

"22 
«23 
43 


0.9 

1.21 

0.63 

-0.5 

-1 


Neutrino ] 


^'ixed Parameters 


«ii 

"12 
^3 


0.7 
1 
1 
0.3 


Outputs 


Angles 


tan ^13 

tan[0i2] 
tan[023] 


0.03 
0.68 
0.93 




VI asses 


mi = 0.0008 eV 
m2 = 0.0087 eV 
ms = 0.05 eV 


Ml = 1.9 X 10^^ GeV 
M2 = 1.06 X 10^2 QgY 
M3 = xl0i3 GeV 



Table 7: Values for parameters of the neutrino sector, eompatible at the 1 sigma for all the fitted 
values of the global fit, except for 6*13 which is compatible at 2 sigma, of the reference |27]. Of course 
for ^13 the relevant quantity to compare, it is the upper limit. The value of a^'^ has not been fitted 
but constrained using the relation Eq. (I4.35p . For the fitted values a conservative 5% 1 sigma error 
can be assumed. 



The 0{1) coefficients appearing in the Yukawa matrices in Eq. (j3.28p . which is written in 
the flavour basis, in terms of the fundamental coefficients are 



522 



512 = 


-513 = -9agb, 


521 = -531 = -5a56 


523 = 


-532 = ga9b9c, 


522 = gagb + QagL 




523 — —532 - 


= -gagb + g'ag'b, 



(B.60) 



and ee = e^, y^ = -2/3, y^ = 1/3, 3^^^ = 1. 

The Kahler metric involving the flavon fields that we consider and that it is compatible 
with the superpotential of Eq. (jB.59p it is the following: 



K, 



Iplp'^ 



I, K 



^c^ct 



1 + 



f a'^ie^eff g'l\e,eff g'^eaeff \ 
gl\^<i^f? 



\ 



oVi^^i^fY 



9b^f 

(72f2 

9b^f 



o2f:2 



9h 



1 2 "/ 



KP 



(B.61) 



/ 



where, in the 2-3 sector, we neglected the subdominant terms ex |i;^i23p and in K^ ,t also 
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a contribution from oc | (f>23 1 > iii agreement with the hierarchy of Eq. ()3.6p . 
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